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Summary
Centrioles are microtubule-based cylindrical struc-
tures that exhibit 9-fold symmetry and facilitate the
organization of centrosomes, flagella, and cilia [1].
Abnormalities in centrosome structure and number
occur in many cancers [1, 2]. Despite its importance,
very little is known about centriole biogenesis. Recent
studies in C. elegans have highlighted a group of mol-
ecules necessary for centriole assembly [1, 3]. ZYG-1
kinase recruits a complex of two coiled-coil proteins,
SAS-6 and SAS-5, which are necessary to form the
C. elegans centriolar tube, a scaffold in centriole for-
mation [4, 5]. This complex also recruits SAS-4, which
is required for the assembly of the centriolar microtu-
bules that decorate that tube [4, 5]. Here we show that
Drosophila SAS-6 is involved in centriole assembly
and cohesion. Overexpression of DSAS-6 in syncitial
embryos led to the de novo formation of multiple
microtubule-organizing centers (MTOCs). Strikingly,
the center of these MTOCs did not contain centrioles,
as described previously for SAK/PLK4 overexpression
[6]. Instead, tube-like structures were present, sup-
porting the idea that centriolar assembly starts with
the formation of a tube-like scaffold, dependent on
DSAS-6 [5]. In DSAS-6 loss-of-function mutants, cen-
trioles failed to close and to elongate the structure
along all axes of the 9-fold symmetry, suggesting mod-
ularity in centriole assembly. We propose that the tube
is built from nine subunits fitting together laterally and
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4 These authors contributed equally to this work.longitudinally in a modular and sequential fashion,
like pieces of a layered ‘‘hollow’’ cake.
Results
DSAS-6 Mutants Have Reduced Number
of Centrioles
Drosophila has one SAS-6 protein (Figure S1A in the
Supplemental Data available online), named here
DSAS-6. DSAS-6 localized to centrioles (Figures S1B–
S1D) and its absence led to a reduction in centrosome
number in S2 cells (Figure S2; [6, 7]). We observed
a 16-fold reduction in the total number of centrosomes
in larval brains of a genetically null DSAS-6 mutant
(Figure S3D; see Figure S3 for mutant description),
together with the appearance of smaller centrosomes
(Figure S3E, right image).
To further understand the role of DSAS-6 in centro-
some biogenesis, we examined Drosophila testes (see
Figure S4). Whereas G2 wild-type spermatocytes con-
tained four centrioles per cell, DSAS-6 mutant sper-
matocytes showed a reduced number of centrioles
(Figures 1A and 1B), consistent with a role for DSAS-6
in centriole duplication as reported for SAK/PLK4 [9].
We verified the absence of centrioles in some of these
cells by transmission electron microscopy (TEM)
(Figure S5A).
DSAS-6 Mutant Centrioles Display Loss of Cohesion
and of the 9-fold Symmetry
We found smaller centrioles in testes as judged by both
the fluorescence of GFP-PACT and g-tubulin, centriolar
markers for spermatocytes in G2 (Figures 1B and 1C;
Figure S5C). These small centrioles seemed to result
from a failure in centriole elongation rather than centriole
fragmentation because we never observed more than
the expected wild-type number of GFP-PACT bodies
per cell, even at later stages of development (Figure 1A;
Figure S5D), in contrast to what was reported previously
upon centriole fragmentation [8]. To further test whether
elongation was affected, we measured the size of centri-
oles in different developmental stages as they elongate.
In contrast to the wild-type, DSAS-6 mutant centrioles
showed no significant growth with development (Fig-
ure 1D), indicative of defects in elongation. Additionally,
we have previously shown that despite the efficiency of
DSAS-6 RNAi, centriole disappearance shows slow
kinetics [6], similarly to previous reports for SAK/PLK4
[9]. This is consistent with a role for DSAS-6 in centriole
assembly rather than in maintaining centrosome integ-
rity. However, we can not rule out the possibility of slow
loss of centriole integrity giving rise to nondetectable
centriolar fragments.
TEM analysis of centrioles within mutant cysts re-
vealed a variety of defects in centriole assembly. These
included the absence of adjacent microtubule triplets
(Figure 1E, asterisks; Figure S5B, arrows) and the in-
verted relative positioning of centriolar microtubules
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1466Figure 1. DSAS-6 Is Involved in Centriole Assembly and Elongation in Drosophila Testes
See Figure S4 for description of Drosophila spermatogenesis.
(A and B) Reduced centriole number in DSAS-6 mutant. The number of centrioles per cell in G2 16-cell cysts was counted (n = 160 cells in wild-
type; n = 208 in DSAS-6 mutants). GFP-PACT was used as a centriole marker [8, 9, 26, 27]. Mature cysts of wild-type and DSAS-6 primary
spermatocytes always contained 16 cells, of the same size, indicating four rounds of successful premeiotic mitosis. Note that no more than 4 cen-
trioles were observed. Insets in (B) show GFP-PACT (23, arrows at low power). Asterisk indicates a cell without visible centrioles. a-tubulin (red),
GFP-PACT (green), DNA (blue). Scale bar represents 50 mm.
(C) DSAS-6 mutants often showed absent (*) and small (arrows, 23 in insets showing GFP-PACT) centrioles. a-tubulin (red), GFP-PACT (green),
DNA (blue). Scale bar represents 10 mm.
(D) Centriole elongation defects in DSAS-6 mutant cells. See Supplemental Experimental Procedures for assignment of categories. Note that
centrioles elongate significantly with developmental time (Wilcoxon; p < 0.05) in the wild-type but not in DSAS-6 mutants.
(E and F) Structural abnormalities in centrioles from DSAS-6 mutant primary spermatocytes (TEM). Asterisk indicates absence of triplets. Arrow-
head indicates inversion of microtubule/PCM localization (electron-dense material on the inside and microtubules on the outside). Scale bar as
indicated. Insets are 43.
(G) DSAS-6 mutants show abnormal centriole/basal body structure. Arrows indicate incomplete structure. Scale bar as indicated.
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1467Figure 2. DSAS-6 Is Required for Centriole Engagement
(A and B) The majority of DSAS-6 mutant primary spermatocytes show disengaged centrioles (n = 160 cells in wild-type; n = 208 in DSAS-6
mutants). Note that in the wild-type, all primary spermatocytes show two centrosomes, each composed by two centrioles in a V-shape.
(B) The insets show GFP-PACT (23 magnification). a-tubulin (red), GFP-PACT (green), DNA (blue). Scale bar represents 10 mm.
(C) DSAS-6 localizes to the centriole and is enriched at both proximal and distal parts as shown by: (i) comparison of the localization of GFP-
DSAS-6 fusion protein with Drosophila SPD-2 ([7], see Figure S7 for validation of DSPD-2 as a centriole marker), SPD-2 (red), GFP-DSAS-6
(green); (ii) comparison of the localization of endogenous DSAS-6 with another centriole marker, GFP-PACT [8, 9, 26, 27], DSAS-6 (red), GFP-
PACT (green). Scale bar represents 2.5 mm.with respect to PCM (Figure 1F, arrowhead). We also ob-
served examples of the ‘‘transient’’ cilia that emanate
from primary spermatocytes in which distal but not
proximal parts of the basal body were missing, also
pointing to a defect in centriole elongation (Figure 1G,
arrows; see Figure S4 for description of cilia).
Despite their small size, centrioles in DSAS-6 mutants
acted as MTOCs, recruiting PCM proteins such as
g-tubulin and CNN (not shown) and nucleating astral
and spindle microtubules (Figure 1C, arrows). Meiotic
spindles lacking centrioles frequently showed abnor-
malities (Figure 1C), leading to abnormal meiotic prod-
ucts (Figure S6). This reinforces earlier findings of the
important role played by normal centrioles in male
meiosis [9].
We observed that 80% of the centriole pairs in DSAS-
6mutant cysts in G2 were disengaged and did not adopt
the V-shape shown by 100% of their engaged wild-type
counterparts (Figure 2A). Such mutant centriole pairs
might be expected to lead to the formation of multipolar
spindles (Figure 2B), as observed in DSAS-6 mutant
brains (Figure S3E). This suggests that DSAS-6 partici-
pates, directly or indirectly, in centriole engagement.
DSAS-6 localized along centrioles (Figure S1D), and its
signal was stronger at the proximal and distal parts of
the centrioles relative to the centriolar markers GFP-PACT and DSPD-2 [7, 10, 11] (Figure 2C; Figure S7), con-
sistent with it having roles in centriole engagement and
elongation.
After meiosis, spermatocytes engage in their differen-
tiation program whereby centrioles become basal bod-
ies that are extended into the canonical structure of
the flagellar axoneme (Figure S4) [12, 13]. DSAS-6
mutants showed a variety of structural abnormalities
throughout spermatid differentiation including abnor-
mally shaped nuclei, abnormal flagella organization
(Figure S8B), and axoneme structure (Figure 3; Fig-
ure S8A). 42% of the axonemes analyzed were incom-
plete, with 1 to 5 consecutive microtubule doublets
missing (Figures 3A(a), 3B, 3C [red arrows], 3D, and
3E(a); Figure S8A [red arrows]). Interestingly, 9% of the
axonemes analyzed showed loss of the 9-fold symmetry
by the presence of additional doublets (Figures 3A(b)
and 3E(b); Figure S8A [yellow arrows]).
High DSAS-6 Overexpression Generates Tube-like
Structures but Is Insufficient to Form Centrioles
De Novo
SAK/PLK4-induced de novo centriole biogenesis is de-
pendent on DSAS-6 [6]. These findings led us to ask
whether overexpression of DSAS-6 in the female germ-
line would be sufficient to induce the formation of
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1468Figure 3. Absence of DSAS-6 Leads to the Formation of Structurally Abnormal Axonemes
Structural abnormalities in the axonemes in DSAS-6 mutant spermatids observed by TEM.
(A) Note that whereas in the wild-type the spermatid axoneme is composed of 9 doublets of microtubules plus a central pair, in DSAS-6 mutants
some of the axoneme doublets are missing (a) or are in extra number (b).
(B and C) Arrows indicate missing doublets; asterisks indicate absence of central pair; arrowheads indicate open centrioles. Scale bar as indi-
cated.
(D) Quantification of axoneme structure in DSAS-6 mutants.
(E) Enlarged examples of structurally abnormal centrioles. Note that (a) shows less doublets, whereas (b) shows an extra doublet. Scale bar as
indicated.multiple centrioles (Figure S9A). Despite the presence of
many GFP-DSAS-6 aggregates, these did not contain
centriole or PCM markers and centrioles were lost nor-
mally during oogenesis (Figures S9B and S9C). The
acentriolar meiotic spindles had normal morphologywith apparently no additional D-PLP bodies or microtu-
bule asters, as would be expected if there were ectopic
centrioles (Figure S9D). When we examined embryos
and eggs overexpressing GFP-DSAS-6 (Figure 4A;
Figure S10A), we found microtubule asters unattached
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kers, including GFP-DSAS-6 protein foci (Figure 4A,
panel ii0), g-tubulin, D-PLP, DSAS-4, and CNN (Fig-
ure S10B). We also observed many GFP-DSAS-6 protein
aggregates that did not colocalize with centrosome
markers. These may reflect nonfunctional aggregates
(Figure S9). GFP-DSAS-6 was able to form MTOCs de
novo, because they appeared in unfertilized eggs
(Figure 4A, panel iv; Figure S10B). In embryos, we could
detect these structures already by the end of the second
mitosis (Figure 4A, panel ii), some of them in groups at
the poles of the mitotic spindles (Figure 4A, panel ii),
others forming far away (Figure 4A, panel ii, arrows).
By using TEM, we detected converging cytoplasmic
microtubules and dense PCM material in embryos and
unfertilized eggs overexpressing GFP-DSAS-6. We did
not find normal centrioles at their foci (Figure 4B; Figures
S11A and S11B), but instead we detected tube-like
structures, hollow at the TEM level, in longitudinal sec-
tions (Figure 4B, panel h) and after serial transverse
sectioning in both embryos and unfertilized eggs (Fig-
ure 4B; Figure S10B). Some of these had a small number
of microtubule doublets associated (Figure 4B, panels
e and e0, arrows). Some of the tubes showed a wrong
curvature (Figure 4B, panel e, arrowheads; Figure S11B,
panel d, arrows), as if parts of the tube were brought to-
gether in the wrong orientation. Together, this suggests
that DSAS-6 overexpression leads to formation of ab-
normal structures possibly related to potential centriole
assembly intermediates [5] that can recruit PCM and
thereby provide a focus for nucleation of cytoplasmatic
microtubules.
Discussion
Here we show that Drosophila SAS-6 is involved in cen-
triole cohesion and assembly. Overexpression of DSAS-
6 resulted in de novo formation of tube-like structures
whereas its downregulation resulted in structures that
failed to close and elongate along all nine axes of sym-
metry. Together, these results suggest that centriolar
assembly is a modular process in which DSAS-6 orga-
nizes nine precentriolar units that fit together laterally
and longitudinally, like pieces of a layered ‘‘hollow’’
cake, specifying a tube-like centriole precursor (see
Figure S12).
We observed a clear reduction in the number of centri-
oles and centrosomes after RNAi in S2 cells (Figure S2)
[6] and in a null Drosophila SAS-6 mutant (Figure 1; Fig-
ure S3), as expected from the described role of its ortho-
logs inC. elegans and humans [4, 5, 14, 15]. Additionally,
only a small proportion of the centrioles in DSAS-6
mutant testes was able to attain full size (w25% versus
87% in the wild-type), suggesting defects in the elonga-
tion of those structures. Whether the ability to form such
partial structures reflects residual DSAS-6 protein in the
mutant (maternal protein perdures to this stage in many
Drosophila mitotic mutants) or partial redundancy of
function with another molecule is not clear at present.
The comparable structural defects in mutant axonemes
(Figure 3; Figure S8) are likely to reflect similar abnormal-
ities in the basal bodies that act as their templates. How-
ever, we cannot fully discard the possibility of a role for
DSAS-6 in axoneme formation.What might be the role of DSAS-6 in centriole forma-
tion? The fact that we observed electron-dense, tube-
like structures upon overexpression of GFP-DSAS-6
(Figure 4; Figure S11) and the fact that SAS-6 is required
in C. elegans to form a tubular centriole scaffold [5] sug-
gest a universal role for this molecule in the formation
of a tube-like centriole intermediate. The appearance
of nonclosed tubes (Figure 4B, panels c, e, and f; Fig-
ure S11B, panels a and b) and of several open tubes
linked to each other at the edges (Figure 4B, panel e,
arrowheads; Figure S11B, panels d and e, arrows) sug-
gests that tubes are assembled in a modular way.
What might be the unit/module of assembly of such
tubes? The analysis of centrioles and axonemes in
DSAS-6 mutants allowed us to assess the degree of
modular assembly, by using as a readout the structural
microtubules associated with this putative inner tube.
The most commonly observed incomplete centrioles
and axonemes in the mutants were missing 1 to 5 adja-
cent triplets/doublets of microtubules (Figures 1E and 3;
Figures S5 and S8). We also observed axonemes with 10
or 11 MT doublets (Figures 3A, panel b, and 3E, panel b;
Figure S8). This suggests that the unit of assembly of the
tube is the common denominator in those structures,
one-ninth of the centriole (see Figure S12).
The nature of the tube is at present not clear. We can-
not discard the possibility that DSAS-6 is a structural
component of the tube because it is present there
(Figure S11C). However, an alternative possibility is
that DSAS-6 is present in the structure not as the main
structural component, but to regulate the binding of
the modules in the correct orientation into the tube
(left-right and top-down; see Figure S12 for further dis-
cussion). DSAS-6 absence would lead to a failure of
structural modules to bind, or to binding in the wrong
orientation, as we have observed (Figure 1F). DSAS-6
overexpression would connect some of those modules
in the wrong position, leading to the formation of abnor-
mally shaped and larger tubes (Figure 4B; Figure S11).
The de novo formation of abnormal centriole-like struc-
tures with few centriole microtubules has been de-
scribed before in a dominant-negative dynein Drosoph-
ila mutant, suggesting that dynein may be involved in
the transport of centriole precursor structures and/or
molecules involved in centriole duplication, such as
DSAS-6 [16].
There is a lack of cohesion between both centrioles
within each centrosome in DSAS-6 mutant testes and
brains (Figure 2; Figure S3), suggestive of a weakness
in the link between mother and daughter centrioles,
which is only normally lost at the end of meiosis I/mito-
sis. DSAS-6 may regulate that link directly or indirectly.
Drug treatments and molecular changes that affect tu-
bulin polymerization give rise to phenotypes similar to
the ones described here [17–22], suggesting that ulti-
mately changes in tubulin stability may be at the origin
of both assembly and cohesion phenotypes.
Previous work indicates that de novo MTOC formation
is normally inhibited by the presence of centrosomes [6,
23, 24]. Strikingly, DSAS-6 overexpression could induce
the de novo formation of tube-like structures after fertil-
ization, in the presence of a basal body/centriole, sug-
gesting that excess of DSAS-6 can override normal
blocks to de novo MTOC formation. The presence of
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1470Figure 4. DSAS-6 Overexpression Leads to Formation of Tube-like Structures in Fertilized Eggs and to Their De Novo Formation in Unfertilized
Eggs
(A) GFP-DSAS-6 overexpression leads to the appearance of free asters at the end of second mitosis in Drosophila embryos. (i) Wild-type em-
bryos. (i0) Magnification of (i). (ii, iii, and iv) GFP-DSAS-6 overexpression. (ii) Arrows indicate free asters formed far away from the spindle, which
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1471supernumerary and abnormal MTOCs in many cancers
alert us to the importance of understanding possible
negative outcomes of misregulation of DSAS-6 and
other molecules involved in centriole biogenesis.
Supplemental Data
Twelve figures and Experimental Procedures are available at http://
www.current-biology.com/cgi/content/full/17/17/1465/DC1/.
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While this paper was under review, a paper was published by Peel
and coworkers showing that overexpression of DSAS-6 in embryos
leads to the formation of multiple MTOCs [25]. Our present study
adds to theirs by demonstrating that MTOCs formed upon high over-
expression of DSAS-6 do not contain centrioles, but a tube-like cen-
triole scaffold. We also characterized DSAS-6 loss-of-function phe-
notype, which reinforces the modular nature of centriole assembly.
